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A new method of identifying and quantifying the disaccharide building blocks of glycosami-
noglycans is introduced. The polysaccharides are subjected to an enzymatic digestion that
releases the sulfated disaccharides. The disaccharides are then identified using a combination
of electrospray ionization mass spectrometry and tandem mass spectrometry. Quantification
of the isomeric disaccharides is also achieved by tandem mass spectrometry, using a recently
developed methodology which quantifies mixtures of isomers without the use of chromatog-
raphy or prior separation. Using mass spectrometry to characterize the components of
glycosaminoglycans significantly reduces both sample consumption and analysis time of
traditional methods. (J Am Soc Mass Spectrom 2000, 11, 916–920) © 2000 American Society
for Mass Spectrometry
Glycosaminoglycans are a very important andstructurally diverse class of biological com-pounds [1–3]. They are major constituents of
mammalian tissue [1], and play key roles in many
diseases, such as mitogenesis, angiogenesis, and inflam-
mation [3–5]. To better understand the role that glycos-
aminoglycans play in these diseases, structural deter-
mination is crucial.
The core building blocks of these polymers consist of
repeating disaccharide pairs which, upon enzymatic
digestion, yield the structures shown in Figure 1. Sev-
eral groups have recently published methodologies
such as capillary electrophoresis (CE) [2–6], high-per-
formance liquid chromatography (HPLC) [7, 8], or
NMR [4], that can be used to analyze the released
disaccharides. Characterization of the disaccharides via
tandem mass spectrometry offers several advantages
over these traditional techniques. The low sample con-
sumption requirements (picomoles) for mass spectro-
metry analysis makes the technique more practical than
NMR. Furthermore, good chromatographic separation
with CE or HPLC typically takes 30 to 60 min per
analysis [6–8], yet mass spectrometry data can be
obtained in just a few minutes.
Although the prospect of using mass spectrometry
for structural elucidation of these disaccharides is ap-
pealing, several obstacles must be overcome [9]. For
example, many groups who have reported the mass
spectrometry of sulfated disaccharide standards show
very complicated spectra, where the molecular ion is
difficult to determine [10–12]. Another complicating
factor is that six of the eight compounds are isomeric. In
order for mass spectrometry to be the only technique
employed to determine the disaccharide content of the
polymers, a method of quantifying a mixture of these
isomers must be employed. Finally, current enzymatic
digestion protocols require the reaction to be carried out
in 0.2 M NaCl, conditions which are not readily ame-
nable to mass spectrometry characterization [4, 6, 8, 13,
14]. We have addressed all of these challenges by (1)
introducing a new enzymatic digestion procedure that
is directly amenable to mass spectrometry analysis and
(2) demonstrating a mass spectrometric method that
can identify and quantify all the disaccharides present
in a biologically isolated sample.
Experimental
Materials
Chondroitin sulfate A (sodium salt, isolated from bo-
vine trachea), chondroitinase ABC (BSA free, from
Proteus vulgaris) UA-GalNAc4S, and UA-GalNAc6S
were purchased from Sigma (St. Louis, MO). (The
abbreviations used in this manuscript are as follows:
UA 5 4-deoxy-L-threo-hex-4-enopyranosyluronic acid.
GalNAc 5 N-acetyl galactosamine. 2S, 4S, 6S 5 2-sul-
fate, 4-sulfate, and 6-sulfate, respectively.) Other disac-
charide standards were purchased from Glyco (Novato,
CA). HPLC grade solvents were purchased from Al-
drich (Milwaukee, WI). Ammonium acetate and ammo-
nium sulfate were purchased from Fischer (Fair Lawn,
NJ).
Disaccharide standards were diluted to 20 pmol/mL,
in 90% MeOH, and each sample contained 80 pmol/uL
ammonium sulfate. For MS/MS experiments, standards
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were prepared at a concentration of 100 pmol/mL
carbohydrate and 100 pmol/mL ammonium sulfate (in
90% MeOH).
Chondroitinase Digestion
A 20 mg portion of Chondroitin sulfate A was incubated
with 1 to 10 milliunits of chondroitinase ABC in 6 mL of
ammonium acetate buffer (pH 7.6) at 38 °C for 1 hr.
(The solution is sonicated for 5 min prior to addition of
the enzyme in order to dissolve the polysaccharide.)
The enzymatic digestion is quenched by adding 400 mL
of MeOH and 10 mL of an aqueous (0.004 M) solution of
ammonium sulfate. The sample is then analyzed by
electrospray ionization (ESI)-MSn without any purifica-
tion.
Mass Spectrometry
Samples were directly infused at a flow rate of 5
mL/min into a Finnigan LCQ ion trap mass spectrom-
eter (Finnigan MAT, San Jose, CA) running Xcaliber
version 1.0. Electrospray ionization was carried out in
negative ion mode with a spray voltage of 3.5 kV. The
automatic gain control was set to 1 3 107 counts for
mass spectrometry, and collision-induced dissociation
was performed on the ions of interest using the He gas
present in the ion trap. All MS/MS experiments utilized
an isolation width of 5 Da, an end-cap voltage of 0.60 V
(20% normalized collision energy), an activation time of
1 s, and q value of 0.25. Each MS/MS spectrum repre-
sents 40 scans.
Results and Discussion
Disaccharide Standards
The eight disaccharide standards yielded very simple
mass spectra. Molecular ions are listed in Figure 1 with
the respective structures. The base peak in each case
(Figure 1, column m/z) corresponded to [M 2 H]2 for
disaccharides with 0 or 1 sulfate, [M 2 2H]22 for dis-
ulfated disaccharides, or [M 2 3H]32 for the trisulfated
disaccharide. In general, no other ions were present
above 10% relative abundance except for a sodiated
adduct for three of the 6-sulfated disaccharides. Each
adduct was ,25% relative abundance. These mass
spectra are considerably different than those generated
by fast-atom bombardment (FAB) [10–12, 14], where
substantial desulfation and cross-ring cleavage occurs.
Furthermore, the base peak is often a sodiated adduct in
the FAB spectra [10–12, 14]. The ability to better detect
the molecular ions from the data presented herein is
due to both the use of electrospray ionization [15, 16]
and the addition of ammonium salts to the analytes
[16]. Because substantial improvements were made in
detecting the disaccharide standards, mass spectro-
metry can be effectively used to identify the molecular
weight of various disaccharide components in an un-
known sample.
Although molecular weight analysis can be used to
unambiguously identify two of the eight disaccharides
in Figure 1, MS/MS can be used to differentiate the
isomeric species. For example, the three singly sulfated
disaccharides all have a [M]2 at m/z 458. MS/MS of
these three disaccharides shows that each is distin-
guished based on its product ions (Figure 2A–C). Sim-
ilarly, the doubly sulfated disaccharides also generate
unique product ion spectra (data not shown). Thus, a
combination of ESI-MS and MS/MS can be used to
identify all the disaccharide components of chondroitin
sulfate. Whereas other groups have previously reported
that the isomeric disaccharide standards provide
unique product ion spectra [10–12, 15, 17], it is not clear
whether the published methodology can be applied to
disaccharides obtained from an enzymatic digestion.
The method presented below, however, is shown to be
amenable to analysis of biologically isolated samples.
Chondroitin Sulfate A
Enzymatic digestion of glycosaminoglycans is typically
carried out on 10 to 200 mg of the polysaccharide in 0.2
M NaCl solution [4, 6, 8, 13, 14]. The salts are subse-
quently removed through ion exchange chromatogra-
phy. In order to adapt these conditions to mass spectral
Figure 1. The eight biologically relevant chondroitin sulfate
disaccharides. The mass spectrum of each disaccharide generates
one predominate ion (listed as m/z). An additional sodiated
adduct was present for the three disaccharides marked with an
asterisk.
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analysis, we have reduced the sample consumption to
20 mg, eliminated the NaCl salt, and replaced the
sodium phosphate buffer with ammonium acetate
buffer. Because of these modifications, desalting and
chromatography are not required prior to mass spec-
trometry analysis. Furthermore, the digestion works
quite effectively. A complete digestion of the Chon-
droitin sulfate polymer was achieved in 1 h, as shown in
Figure 3. The major ion present, m/z 458, represents
monosulfated disaccharides. Thus, based on the mass
spectrum of the digest, five of the eight possible disac-
charide building blocks (in Figure 1) can be ruled out,
and the polysaccharide must consist of only UA2S-
GalNAc, UA-GalNAc4S, or UA-GalNAc6S disacchar-
ides. (See experimental section for explanation of abbre-
viations.)
In order to determine which of these three disaccha-
rides are present, MS/MS was performed on the three
singly sulfated disaccharide standards and on m/z 458
from the enzymatic digestion. The spectra are displayed
in Figure 2. The base peak for each standard (Figure
2A–C) is a product ion which uniquely identifies the
disaccharide (m/z 300, 282, or 237 for UA-GalNAc4S,
UA-GalNAc6S, and UA2S-GalNAc, respectively).
Based on the MS/MS spectra for the three standards,
the composition of the disaccharides in the unknown
sample (Figure 2D) can be qualitatively assigned. Be-
cause no ion at m/z 237 is present, the sample does not
contain UA2S-GalNAc. The ions at m/z 282 and 300
signify that both UA-GalNAc4S and UA-GalNAc6S are
present.
Quantifying the Disaccharides
Although a qualitative assignment of which disacchar-
ides are present is useful, quantitative information is
often required. Quantification of these isomers is typi-
cally not achieved via mass spectrometry [18]. How-
ever, we have recently developed a mass spectral tech-
nique which quantifies mixtures of isomers without
prior separation, and without internal standards [19,
20]. The method is described in detail elsewhere [19,
20]. Briefly, the relative abundance of product ions for
the pure isomeric standards are used in a system of
Figure 2. MS2 spectra of the three singly sulfated disaccharide standards and of the product of the
enzymatic digestion. (2A) MS2 of UA-GalNAc4S, (2B) MS2 of UA-GalNAc6S, (2C) MS2 of UA2S-
GalNAc, (2D) MS2 of the enzymatic digestion product, m/z 458, from Figure 3.
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equations. This matrix (one equation for each isomer
present) is then used in determining the relative
amounts of each component in a given mixture. The
method was originally an adaptation of the “superpo-
sition principle” used to quantify mixtures of oil distil-
lates [21]. However, modifications to the original pro-
cedure were made [20] which allow for general
application of the method to electrospray ionization,
quadrupole ion trap mass spectrometers. Demonstra-
tion that the method can be effectively used to quantify
the two disaccharides present in the enzymatic diges-
tion is presented herein.
The contribution of the ions m/z 282 and 300 (report-
ed as a percent of the total ion current) are determined
for the two standards, UA-GalNAc4S and UA-
GalNAc6S. Those contributions are 1.62% and 57.1%,
respectively, for m/z 282 and 74.1% and 2.05%, respec-
tively, for m/z 300. These values are then used in the
following system of equations:
1.62*A 1 57.1*B 5 C282
74.1*A 1 2.05*B 5 C300
C282 and C300 are the contributions of the ions m/z 282
and 300 in any given mixture of UA-GalNAc4S and
UA-GalNAc6S. A and B represent a ratio of the two
disaccharides in the mixture. Thus, by inserting the
contributions of m/z 300 and 282 for the mixture (41.56%
and 7.54% total ion current), A and B are determined:
55.82 and 11.64 (see Table 1). These values are related to
the percents of UA-GalNAc6S to UA-GalNAc4S in the
digested sample, but they need to undergo two normal-
ization steps. By following the protocol established
Figure 3. ESI-MS spectrum of an enzymatic digestion of chondroitin sulfate A. The ion at m/z 458 is
the sulfated disaccharide product.
Table 1. Quantification of UA-GalNAc4S and UA-GalNAc6S using MS/MS spectra
Contributions A and B Norm 1
Ratios
(A or B *Norm 1) Calculated %’s
m/z 300 5 41.56 A 5 55.82 0.677 37.79 64.33 (UA-GalNAc4S)
m/z 282 5 7.54 B 5 11.64 1.8 20.95 35.67 (UA-GalNAc6S)
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previously [20], the values for Normalization 1 for m/z
300 and 282 are 0.677 and 1.800, respectively [22] (Table
1, “Norm 1”). When the values for A and B from the
system of equations are multiplied by Norm 1, the ratio
of UA-GalNAc4S to UA-GalNAc6S is determined (37.79
to 20.95, Table 1, ratios). Finally, these values are
converted to percents by dividing each ratio by 58.74
(the sum of the ratios.) The calculated percents are 64.33
and 35.67 for UA-GalNAc4S and UA-GalNAc6S, re-
spectively. These values are very close to those previ-
ously determined by NMR for this sample, 66% and
34%, respectively. (Data provided by Sigma for the
identical lot number used here.)
Thus we have effectively demonstrated a method to
identify and quantify the disaccharide building blocks
of sulfated polysaccharides without the use of chroma-
tography. The success of the method required develop-
ing new conditions for the enzymatic digestion of
sulfated polysaccharides, such that ESI-MS spectra
could be obtained without any desalting or purification
of the product. Furthermore, by adding ammonium
sulfate to the disaccharides, ESI-MS spectra were sub-
stantially free of dissociation ions and sodium adducts;
and MS and MS/MS spectra were used to determine the
disaccharides present in a polysaccharide sample. Fi-
nally, the isomeric disaccharides were quantified using
our newly established multicomponent quantification
methodology.
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